Nineteen weanling horses (average age = 147 d) were divided into exercised (EX; n = 10) and nonexercised (NEX; n = 9) groups~ with age, sex and breed represented as equally as possible. The EX group was exercised on an automatic walker at a medium trot for up to 20 min, 5 d each week. Both groups were fed to meet 100% of their protein and 110% of their energy requirements (NRC, 1978). The EX group's diet was supplemented, on exercise days, with corn starch to meet the additional energy requirements for exercise. The experiment was conducted over a l ll-d period. Body weight was measured at 10-d intervals, and height at the withers and metacarpal circumference was measured at 20-d intervals. Radiographs of the distal radius, metacarpal joint and the proximal and distal ends of the third metacarpal were taken at 147, 218 and 255 d of age to determine bone density and to observe any possible bone abnormalities. There were no differences between groups in weight or wither height gain; however, gain in third metacarpal circumference was greater (P < .01) in the EX group than in the NEX group from 167 to 215 d of age. Bone density in the EX group increased by a greater amount (P < .06) than in the NEX group by the end of the trial. There were no lameness problems or bone abnormalities observed in either group. Exercise training of horses during the weanling to yearling age period was shown to improve the stress-bearing characteristics (radiographic bone density and metacarpal circumference) of the third metacarpal without affecting the quantity of body growth.
Introduction
In a survey of the Thoroughbred racing industry in England between the years 1977 and 1980, 53% of the horses that entered race training never competed, or competed less than the average number of times due to lameness (Jeffcott et al., 1982) . Nunamaker et al. (1987) reported that fatigue fracture of the third metacarpal, commonly referred to as "bucked shins," occurs in 70% of young Thoroughbred race horses within their 1 st yr of training. Due to the biological remodeling abilities of bone 1journal Paper 88-5-272 of the Univ. of Kentucky Agric.
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3Dept. of Anita. Sci. Received November 3, 1988 . Acceplr,,d February 27, 1989 daily strains affect the architecture of bone, (Rubin, 1984; Carter, 1987; Lanyon, 1987) . Bone remodeling allows for specific adaptation to a particular functional strain such that the magnitude of that strain will be decreased and smactural damage to the bone will be prevented or delayed (Carter, 1984) . However, such adaptation is gradual and, ff functional strain rate exceeds the rate of bone remodeling, structural damage to the bone will occur (Carter, 1984; Lanyon, 1987) . The rate of adaptation and sensitivity to changes in functional strains has been shown to be greatest in young, growing bone (Woo, 1981; Forwood and Parker, 1986) . Exercise has been shown in a number of studies to increase the average mass, cortical thickness and structural strength of bone (Carter, 1982; Smith et ai., 1984; Williams et al., 1984) . Such adaptations have been reported in the mature pony (Schryver, 1978) and horse . Horse management techniques that subject unconditioned skeletal structures suddenly to the stresses of race training do not allow for functional adaptation to these stresses. Providing young growing horses with an environment that enhances functional adaptation of the skeletal structure to exercise, without adversely affecting growth, may result in greater skeletal structural integrity and durability of horses when they begin race training. This study was conducted to determine the effects of exercise on the bone growth and development of weanling horses.
Materials and Methods
Nineteen foals of Quarter Horse and Thoroughbred breeding were weaned the same day, blocked according to age, sex and breed and assigned randomly to one of two groups, either exercised (EX; n =10) or nonexercised (NEX; n = 9). Prior to the beginning of the experiment, all foals were maintained with their dams in pastures having similar forage composition and availability. The EX group was exercised 5 d/wk on an automatic walker and traveled in opposite directions on alternate days. The speed, duration and progression of exercise is shown in Table 1 .
The experiment began when the horses ranged in age from 123 to 165 d, or an average of 147 d, and lasted until the horses were an average age of 258 d, a duration of 111 d. Both groups were fed a grain-based concenmate (Table 2 ) and timothy hay (Table 3) to meet 100% of their protein and 100% of their energy requirements (NRC, 1978) . On the days the EX group did not exercise, they were fed the same diet as the NEX group. On the days of the EX group did exercise, the concentrate portion of their diet was supplemented with corn starch (approximately 400 g/d) in an amount calculated to meet the additional requirements for energy imposed by the The horses were maintained in pairs in 4.9-m x 21.3-m pens during the day and 3.7-m 2 stalls at night, except for the oddnumbered horse in the NEX group, which was maintained in separate facilities. Weight measurements were taken every 10 d, and height at the withers and metacarpal circumference measurements were taken every 20 d. Height at the withers was measured from the highest point of the spinous processes of the thoracic vertebrae to the ground, using a measuring stick with a leveling bubble to ensure that the measure was vertical. Metacarpal circumference was measured at the midpoint of the metacarpal, using a vinyl tape lneasure.
Radiographs of the distal radius and carpal joint, mid-point of the third metacarpal and the distal end of the third metacarpal and fetlock were taken at 147, 218 and 255 d of age usin~ a mobile x-ray unit 4 and high speed film J. Film was processed using an automatic processor 6 and Kodak reagents.
Bone density was measured by taking a radiograph at the midpoint of the third metacarpal and of an aluminum step wedge simultaneously. Bone density was expressed as radiographic bone aluminum equivalents (Meakim et al., 1981; Thompson et al., 1988) . The x-rays also were used to help detect any bone abnormalities that developed.
The data were analyzed first as an incom-~ X-ray Model TP-20, Bowie Mfg., Inc., Lake City, IA. plete block design with partial replicates due to sex, age and breed. These effects were tested and shown to be insignificant (P < .25); therefore, the mean square error was not changed significantly by the blocking effect. Because these effects were insignificant, and because of the complications involved in testing main effects with partial blocking, the final analysis did not include these insignificant partial blocks. The data then were examined by repeated measures analysis of variance procedures (Gill, 1978) . Differences between treatments were analyzed using the between-animal variation as the error tenn. The repeated measures effect was analyzed using the within-animal variation as the error tenn.
Results and Discussion
Weight and Height. The EX group was heavier (P < .005) than the NEX group throughout the experiment, except at 157 d of age (Table 4) ; however, body weight gain from initial weight was not different (P > .10) between groups. Mean wither heights (Table 5) and wither height gains did not differ (P > .05) between groups throughout the experimenL When compared over similar time periods, body weight and wither height gains for both the EX and NEX groups were similar to the results of other studies (Hintz et al., 1979; Thompson et al., 1988) .
This study indicates that exercise had no significant effect on weight gain. The lack of a difference between groups in gains from initial weight supports the accuracy of the NRC (1978) prediction equation for energy utilization at an exercise intensity of a medium trot. It also indicates that the energy allowance above that for maintenance plus growth was adequate for meeting the energy demand of the assigned amount of exercise. Studies with rats on ad libitum feed have shown that, compared to sedentary controls, rats subject to exercise (swimming) had a decreased weight gain due to a decrease in food consumption and feed efficiency (Fitzpatrick et al., 1986) . Although the horses in this study were not fed an ad libitum amount, exercise had no adverse effect on intake or weight gain. In addition, exercise had no effect on rate of gain in wither height. This indicated that exercise did not result in any adverse effects, such as early epiphyseal closure (Evans, 1957; Lamb et al., 1969) , that would contribute to a decreased wither height.
Although no differences were shown in gains for weight or height, the EX group appeared to be leaner with a more well-defined muscle mass. Exercise training in adult rats has been shown to result in a leaner body mass (Fitzpatrick et al., 1986) and smaller numbers and size of adipocytes (Vallerand et al., 1986) . In addition to a decreased fat content, significantly greater lung weights, cardiac and skeletal muscle hypertrophy and greater blood volume also have contributed to the leaner body mass of exercised rats (Oscai et al., 1973) . In the case of horses, such alterations in body composition could facilitate athletic performance and result in horses more adaptable to the stresses of race training at an early age.
Metacarpal Circumference. Although there was no significant difference in mean third metacarpal circumference (Table 6) (Hintz et al., 1979; Buckingham and Jeffcott, 1987) at a comparable age. However, the gain in third metacarpal circumference found in the present experiment, compared over a similar time period, is less than that reported by Hintz et al. (1979) . These discrepancies may be due in part to differences in measuring techniques.
It is generally accepted that trabecular bone will adapt its architecture over time to provide optimal support to a given functional strain. This is referred to as Wolff's Law (Wolff, 1892) . Although there is some disagreement as to the mechanisms that initiate these adaptations, bone adaptation is unresponsive within a range of stress stimuli, and stress loads must approach the limits of this range before they initiate an adaptive response of the bone trabeculae (Rubin, 1984; Carter, 1987; Lanyon, 1987) . These adaptations may be the result of changes in bone trabeculae alignment and density or in cortical diameter (Hayes and Snyder, 1981; Goldstein, 1987) . Greater than normal increases in third metacarpal circumference require a stimulus that exceeds a minimum level. Failure to exceed this minimum stimulus level could be the reason for the delay in the greater increase in gain in third metacarpal circumference until 167 d of age observed in the EX group. This also may explain the lack of difference in gain of third metacarpal circumference between groups after 215 d of age, in that adaptation by the third metacarpal to the given level of exercise stimulus may have been complete. Further increases in gain of third metacarpal circumference may have required an exercise stress stimulus of greater magnitude. A greater third metacarpal circumference will withstand a greater amount of stress (Woo, 1981) .
Exercise has been shown to increase the size and strength of tendons and ligaments of the lower leg in a number of species (Tipton et al., 1970; Kiiskinin and Souminen, 1977) . The greater gain in third metacarpal circumference observed in the EX group could have been due to increases in size of the tendons and ligaments associated with the third metacarpal bone, in addition to increases in diameter of the bone itself. The contributions of bone, ligament and tendon to the increase in circum- aMeasured by radiographic bone aluminum equivalents (nun AI). ~Means within a column with different superscripts differ (P < .06).
ference of the lower leg will combine to form a lower leg that can withstand a greater amount of stress. This may help prevent some injuries associated with the stress of initial race training of young horses. Bone Density. Radiographic bone density (RBD), measured on the lateral side of the third metacarpal (LBD), was not different (P > .10) between groups, nor within a group, during the experiment (Table 7) . Between groups, RBD, measured on the medial side of the third metacarpal (MBD), tended to be greater in the EX group than in the NEX group by the end of the experiment. Within a group, MBD tended to increase (P < .06) for the EX group but not for the NEX group.
Estimates of bone density using radiographic photometry may not reflect true bone density accurately. An increase in RBD values may be due to an increase in bone circumference and thus is responsible for the increased mineral content measured as an increase in mineral density . Radiographic bone density has been shown to be an adequate estimate of bone mineral content in horses (Meakim et al., 1981; Thompson et al., 1988) . In the latter study, correlation of RBD and bone mineral content with breaking load also showed that mineral content may be a suitable indicator of breaking strength. Schryver (1978) showed that mineral content was highly correlated with the elastic modulus and ultimate breaking strength in a given area of a bone in horses. Radiographic bone density can be used as a reliable indicator of differences in bone mineral content between individuals within a study and thus of ultimate breaking strength.
In addition to determining RBD, x-rays of the distal radius and carpal joint, proximal third metacarpal and distal third metacarpal and fetlock were used, along with subjective evaluation, to detect any incidence of lameness or bone abnormalities that may have occurred. No incidence of lameness or bone abnormalities were detected in either group.
Radiographic bone density values, expressed as radiographic bone aluminum equivalents, for the NEX group in the present experiment were similar to those reported by Meakim et al. (1981) but were greater than those reported by Thompson (1988) at similar ages. Except for those measured at the beginning of this experiment, the mean MBD values for the EX group were greater than those reported by Meakim et al. (1981) for horses of comparable ages.
The values for MBD were consistently greater than those for LBD for both groups in this experiment. This finding is in agreement with those of Millis et al. (1983) and Thompson (1988) , but differs from those reported by Meakim et al. (1981) . Greater bone mineral content of the medial vs the lateral side of bones performing a supportive function in the horse matches results reported by Schryver (1978) , which showed that the medial quadrants of such bones have greater ultimate bending strengths than the lateral quadrants.
A greater bone mineral content, as a result of exercise, has been observed in the appendicular supportive bones of humans (Williams et al., 1984) and rats (Darby et al., 1984) . Millis et al. (1983) reported a trend toward greater bone mineral deposition in trained vs untrained yearling horses. Increases in bone mineral content or density, as a result of exercise, produces bones with more desirable mechanical properties to withstand gravitational forces (Schryver, 1978; Smith et al., 1984) .
The application of exercise programs to young growing horses may be advantageous to developing a more structurally sound bone to a given stress because growing bone is more responsive in its adaptation to stress than is mature bone (Carter, 1982; Forwood and Parker, 1986) . However, the degree of stress a bone experiences cannot exceed its ability to adapt to that stress or the accumulation of damage may become irreparable or result in fracture of the bone (Carter, 1984) . Rubin and Lanyon (1982) showed that the greatest peak compressive strains in the horse occurred at the trot, due to the greater vertical displacement of the center of gravity. The horses in this study were exercised at a trot to induce high levels of compressive strain on the bones, and the intensity of that exercise was carefully monitored by subjective evaluation. Further studies are needed to quantify the intensity of exercise to be used for optimal bone development at a given age. Also, the surfaces on which horses are exercised must be considered because harder surfaces will result in greater concussive stress.
How bone adapts to a particular stress still is not understood. Carter (1984) suggested that a specific strain can cause microdamage within an area of a bone most sensitive to that strain, which subsequently stimulates osteogenic activity. If osteogenic activity is greater than the occurrence of microdamage, the bone will hypertrophy, reduce the magnitude of the strain and thus prevent or delay any fatigue fracture. A hypothesis proposed by Lanyon (1987) suggested that bone cells are able to assess the feedback from functional strains within the tissue that is transduced into biochemical signals that act to control adaptive remodeling to produce optimal bone formation. However, the amount of trabecular bone produced may not be so important as its organization when optimal mechanical properties are concerned (Goldstein 1987) . Also, the adaptive response of bone to a particular stress is dependent on the hormonal interaction that is necessary for new bone tissue formation (Lanyon et al., 1986) . Changes in the levels of cortisol, insulin and thyroid hormone have been reported in young growing horses subjected to an exercise program (Raub, 1987) . However, the change in levels of these hormones and its relationship, if any, to bone growth and development has been thoroughly determined.
Implications
Exercise, at the intensity and duration used in this experiment, resulted in a greater increase in RBD and circumference in the third metacarpal bones of young growing horses, without causing any incidence of lameness, bone abnormalities, or abnormal weight and height gains. Horses entering initial race training with skeletal structures that have adapted gradually to the stresses of exercise training throughout the weanling to yearling growth period may be more able to withstand the stresses imposed on the skeletal structure during initial race training, thus reducing the probability of injury or breakdown. However, further research is needed before a defined exercise program for young growing horses can be recommended and its long-term effects known.
